Introduction
Binaural beats occur when a tone of steady intensity and frequency is presented to one ear, and another of similar intensity but slightly different frequency is presented to the other ear. The brain perceives a resulting single tone whose frequency is equal to the difference between the two tones [1] . For example, a tone of 200 Hz presented to the left ear and another of 210 Hz presented to the right ear will evoke a third pseudotone of around 10 Hz. This was first discovered in 1839 by German experimenter H. W. Dove, who found that by striking two forks in unison and presenting one to either ear, a third single explainable tone seemed to be perceived in the brain. However it was not until 1916 that binaural beats were considered to be different to monaural beats or tones. Monaural beats are typically perceived in nature and characteristically produced by tones of loud pitch. They are believed to originate in the Basilar membrane. Binaural beats, on the other hand, are thought to originate from the cortical region of the brain [2] and can only be heard when the tones used to produce them are of low pitch. A single ear is sufficient to detect monaural beats, whereas binaural beats can only be detected by both ears. Binaural beats have the same apparent strength regardless of the relative frequencies of the beats used to produce them and are often produced by mechanical processes [3] such as engines on a plane. Binaural beats are said to be best perceived at frequencies of around 500 Hz with a range between 90 Hz and 1000 Hz. The optimum spectral difference between any two tones is around 2-30 Hz [4] . Humans are not normally able to hear tones of less than 20 Hz, meaning perception of binaural beats is, in fact, a result of the human brain perceiving them via the cortical region, that is, inside the brain rather than outside the brain [3] . In animals, it has been observed that cells periodically respond to the rate of the frequency of the binaural-beat stimulus. This synchronisation, sometimes known as neural phase locking, seems to begin in the auditory system and propagates to the inferior colliculus [5] [6] . In humans, binaural beats have been observed to affect cognitive functioning and mood [7] [8] . Binaural beats seem to affect the firing patterns of neurons in the brain with the reticular activation system and the inferior colliculus having a part in this. Many studies have tried to link binaural beats to some form of physiological and psy-chological effects as a result. Lane et al. [8] looked at binaural beats in the theta/delta frequency range and the effect this had on vigilance and mood. They found evidence of improved performance and less negative moods in a group of 29 participants. Padmanabhan et al. [9] looked at 108 patients undergoing general anaesthesia and found that listening to binaural beats decreased the average anxiety result by 26.3 percent. Another study on anxiety was carried out by Wahbeh et al., who also concluded that there was evidence of a reduction in anxiety across the group of participants for the duration of the study [10] . Kennel et al. [11] investigated whether binaural beat entrainment could reduce symptoms of ADHD in children and found that whilst the symptoms did not significantly improve, homework problems due to inattention improved during the 3 week study. A more recent study on working memory found that exposure to binaural beats had a positive effect on participants exposed to a frequency in the alpha range of brain activity, showing significant improvement in working memory compared with the control group [12] .
Objective
Some of the research above is based on observational data, and thus, the objective of this study is to further assess the effects of binaural beat entraining on the brain, using brain signal analysis in the form of an electroencephalogram (EEG)-based experiment. EEG is a biological signal produced by the human brain. Electrodes are placed on the human scalp and EEG data is collected (an example is the 10-20 standard using 19 locations on the scalp [13] , which is also used here). This is a different technique to behavioural responses and, therefore, can be expected to produce a more robust assessment of binaural beat effects on the brain. 
Results & Discussion
A. Spectral Power Spectral power describes how the power of a signal is distributed over different frequencies. In this research, it was calculated by computing the variance of the filtered signal in the 8 Hz frequency band. From this, a difference in spectral power between the entrained and relaxed states can be observed as shown in figure 1B for subject 1, as an example. To assess whether this difference is statistically significance, pair-wise Wilcoxon sign-rank (as normality of data was not tested) was computed. The hypothesis was set at 5 percent confidence level and was investigated whether the median spectral power exhibited by EEG signals in the binaural state were lower than that in the relaxed state. Figure 1E shows the p-values for the one-tailed signed-rank test. From this, it can be seen that for participants 1, 4 and 5, there is evidence to support that binaural beat entrainment had an effect. Given that 3 participants were affected, this provides evidence (at least for these participants) that the effect of binaural beat entrainment was a reduction in spectral power, especially in the frontal cortex. This means that the alpha frequency spectral power was lower in the binaural state than in the relaxed state. Participants 2 and 3 do not seem to have been affected by binaural entrainment. For these participants, binaural entrainment had increased the spectral power but only in channel O 2 . Therefore, from the statistical test, it can be seen that 3 out of 5 participants have been affected by binaural beat entrainment. The binaural beat presented to the subjects was in the alpha (8 Hz) frequency band, typically associated with a reduced level of brain activity. This reduced activity could explain the reduction in power or amplitude in the entrained state as opposed to the normal state the participants would have been in at the start.
B. Asymmetry Ratio
Asymmetry ratio gives an indication of the degree of synchronisation between the left and right hemispheres of the brain. It is calculated by computing the power between two channels. To compare whether there was a greater degree of synchronisation in the entrained state versus the relaxed state, the asymmetry ratio was computed. The lower the ratio, the greater the inter-hemispheric synchronisation, and the higher the likelihood that entrainment had an effect on the participants. Figure 1F shows the mean values of the asymmetry ratio calculation for the participants in the relaxed and entrained states. From this, it is possible to observe that, for all participants, in general, asymmetry ratio was lower in the entrained state than in the relaxed state, which suggests that, for these participants, binaural entrainment had an effect. However, the difference was not statistically different. The last row of figure 1F shows the values for the grand averaged ratios from 8 pairs of electrodes. The grand average values of the asymmetry ratios in the entrained state are lower than the values of the relaxed state asymmetry ratios for all the participants. Therefore, it can be said that binaural entrainment had an effect and increased interhemispheric synchronisation in the brain. This confirms that binaural entrainment does affect cortical synchronisation, which was also found in another study [14] . The synchronisation starts from the auditory system and the inferior colliculus in the cortex, spreading across the brain, and, in turn, affecting the processes which depend on such synchronisation. Inter-hemispheric synchronisation often occurs in brain signals and as such, is widely believed to be a result of synchronisation of neuronal activity, reflecting changes of neuronal brain membrane potential [15] . Asymmetry ratio provides both an indication of the degree of synchronisation between the left and right hemispheres of the brain and a good method to assess further the effect of binaural entrainment on the different participants in this study. The underlying idea is that brain activity is propagated via cortical oscillations, which is related to the information flow from one brain structure to another. Different frequency bands are considered to represent the messenger frequency of cognitive processes, and such processes are considered in terms of communication across different parts of the brain. Short-range communication in the brain is normally associated with neural synchronisation in the gamma frequency, while long-range communication is associated with neural synchronisation in the alpha/beta frequency bands [14] [16] . Taking this assertion further, it is possible to assess the effect of binaural entrainment by comparing the values in oscillations observed in the different hemispheres or parts of the brain between the entrained state and the relaxed state. The pair-wise asymmetry ratio for a given brain structure provides information about functional coupling between similar structures in a closed system. The ratio provides insight into the interaction of the different brain structures. More specifically, the higher the value of this ratio, the weaker the relation of a selected structure with another structure, and the less there is interhemispheric coherence, which is widely believed to be critical to mental processes. Considering the basic assumption, it can be seen from the results that all 5 participants exhibited a reduction in asymmetry ratio, which implies a greater degree of interhemispheric synchronisation in the entrained state relative to the relaxed state. This provides evidence that binaural entrainment does effect the information flow process in the brain, therefore providing further evidence on the effect of binaural beats on the brain.
Conclusions
The results of this study provide evidence of the effect of binaural beat entrainment on the brain. It is consistent with some of the early work done on animals [5] [6], and later on the human brain [17] [18], suggesting that neural activity at different frequencies from the left to the right ear converge and interfere in the auditory pathway to generate beats of neural activity, thereby providing the illusion of amplitude modulation. The results of such studies suggest that it is possible to detect neural responses to binaural beats in the human EEG, thereby supporting the assumption that the human brain has a tendency to modify its basic EEG frequency under entrainment. However, based on the limited pool of subjects, there is evidence that entrainment has an effect on the spectral power of brain frequencies, but entrainment seems to lower rather than elevate the power of brain frequencies (which is contrasting to some earlier studies). Nevertheless, entrainment does increase the degree of interhemispheric synchronisation in the brain.
Limitations
The study had only considered data from 5 participants and this limited pool of subjects should be considered when taking the conclusions into account. The period of entrainment was only 6 min per session, which could perhaps be too short and may include transient rather than steady-state effects.
The results of this study show evidence of the effects of binaural beats on the brain. All 5 participants who took part in this study exhibited some form of binaural beat entrainment effect in their EEG signals. The main conclusions are that binaural entrainment has an impact on the spectral power of brain frequencies, and it seems to lower rather than elevate the power of brain frequencies. Lastly, binaural entrainment seems to increase the degree of interhemispheric synchronisation in the brain. Further research is necessary to establish whether these effects are indeed beneficial to the health as claimed by some research.
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